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ABSTRACT  
The  mud  volcano  and  sandstone   intrusions   complex  occurring   in   the  Boyadag  anticline,  
western   Turkmenistan,   is   the   only   well-­documented   example   of   co-­existing,   but   not  
synchronous,  mud  volcanism  and  sand  intrusion.  Integrated  field  and  laboratory  evaluation  
investigates   the   spatial   and   genetic   relations   between   the   mud   extrusion   and   the   later  
sand  intrusion.  A  sandstone  dike  and  a  pillar  pierce  mud  volcano  deposits  on  the  crest  of  
Boyadag  anticline.  Two  more  dikes  occur  near  the  escarpment  caused  by  a  crestal  normal  
fault.  
The  rising  of  mud  and  hydrocarbons  from  the  Oligocene  Maykop  Fm.  fed  the  mud  volcano  
after   the  exposure  of   the  Lower  Pleistocene  units  at   the   core  of   the  anticline.  The  main  
physical  process  that  later  led  to  sand  fluidization  is  identified  as  the  progressive  increase  
of   pore   fluid   pressure,   during   a   stage   of   reduced   or   null   activity   of   the   mud   volcano,  
caused   by   the   up-­dip  migration   of   hydrocarbons   from   the   deep   basin   into   the   Pliocene  
sandstone   reservoir   within   the   Boyadag   anticline.   The   hydrocarbons   generated   in   the  
source   rock   levels   of   the   Maykop   Fm.,   whereas   the   saline   water   involved   in   the   sand  
fluidization  is  identified  as  the  connate  water  of  the  Pliocene  Red  Beds  Fm.  The  pressure  
rise  was  responsible  for  the  fracturing  of  the  sealing  units,  already  weakened  by  the  crestal  
normal  fault  and  the  mud  volcano  feeding  system.  The  sand  intruded  into  sealing  units  and  
mud  breccia  deposits,  also  using  the  mud  volcano  conduit  and  the  crestal  normal  fault  as  
preferential   pathways.   During   the   present-­day   background   activity,   the   outcropping  
sandstone   intrusions   provide   high   permeability   pathways   for   continuous   fluid   leakage,  
precluding  the  re-­establishment  of  high  pressures  in  the  reservoir.  
     
INTRODUCTION  
The   upward   migration   of   buried   mud   and   sand   has   been   documented   in   numerous  
geological  settings  and  sedimentary  basins  (e.g.  Hovland  et  al.,  1997;;  Milkov,  2000;;  Kopf,  
2002;;   Hurst   &   Cartwright,   2007;;   Ross   et   al.,   2011).   The   stratigraphic   and   structural  
settings   play   a   major   role   in   controlling   the   their   upward   movement   through   the  
sedimentary   column   (e.g.  Mazzini  et  al.,   2009;;  Hurst  et  al.,   2011;;  Capozzi  et  al.,   2012).  
Moreover,  the  presence  of  fault  systems  generated  by  regional  tectonics,  or  the  formation  
of   hydrofractures   (Hurst   et   al.,   2011),   favour   fluid   and   sediment  migration   (Hurst   et   al.,  
2003a;;   Schwartz   et   al.,   2003;;   Vigorito   et   al.,   2008;;   Capozzi   et   al.,   2012).   The  
understanding   of   fluid   migration   and   sediment   remobilization   is   helpful   to   define   the  
evolution   of   sedimentary   basins,   in   particular   the   history   of   the   petroleum   systems   (e.g.  
Hurst  &  Cartwright,  2007;;  Oppo  et  al.,  2013).  Sandstone  intrusions  may  exert  an  important  
control   in   basins,   being   able   to   significantly   modify   pre-­existing   migration   pathways;;   in  
addition  they  may  form  hydrocarbon  traps  (sandstone  intrusive  traps  of  Hurst  et  al.,  2005).  
The  association  of  mud   volcanism  and   sand   injection   is   rarely   documented   in   literature.  
The  only  example  of  coupled  sand  extrusion  and  mud  volcanism  is  described  in  the  Gulf  of  
Cadiz   (Van  Rensbergen  et   al.,   2005).  Sandstone   intrusion  and  mud   volcano   complexes  
are   reported   only   in  western  Turkmenistan   by  Kholodov   (1987)   and  Oppo  et   al.   (2014).  
Literature   on   sediment   remobilization   and   fluid   seepage   occurring   in   the  South  Caspian  
Basin  (SCB)  region  mainly  refers  to  mud  volcanism  in  the  central  and  western  zones  of  the  
basin   (e.g.   Davies   &   Stewart,   2005;;   Mazzini   et   al.,   2009),   whereas   Kholodov   (2002)  
provides   a   general   morphological   description   of   related   mud   volcano   and   extruding  
sandstone  diapirs   occurring   in   the  Boyadag  anticline,  western  Turkmenistan.  This  paper  
analyses  a  unique  case  study  of  sand  intrusion  and  mud  volcano  association,  occurring  in  
the  Boyadag  anticline,  by  investigating  their  spatial  and  genetic  relations  and  defining  the  
geological  conditions  responsible  for  sand  fluidization.  
  GEOLOGICAL  SETTING  
The  South  Caspian  Basin  encompasses  the  southern  Caspian  Sea  and  the  coastal  areas  
of   eastern   Azerbaijan,   northern   Iran   and   western   Turkmenistan.   The   SCB   is   a   deep  
intermountain  sedimentary  basin  hosting  a  sediment  pile  up  to  26-­28  km  thick  (Brunet  et  
al.,  2003).  The  uplift  and  the  subsequent  erosion  of  the  Caucasus,  Elburz  and  Kopet-­Dag  
ranges  since   the   late  Eocene  caused  high   sedimentation   rates,   up   to  4.5   km/My,   in   the  
whole  basin  (Smith-­Rouch,  2006).  The  western  Turkmenistan  comprises  the  Gograndag-­
Okarem  petroleum  province  (Smith-­Rouch,  2006),  where  the  Boyadag  anticline  is  located  
(Fig.   1).   In   this   area   five   sub-­parallel   anticline   alignments   are   roughly   oriented   N-­S,  
according  with   the   regional  stress   field.  The  growth  of   these  structures,  which  started   in  
the   late   Pliocene   (Lyberis   &   Manby,   1999;;   Smith-­Rouch,   2006),   deformed   the   Plio-­
Pleistocene  cover  above  deep  Miocene  thrust  sheets  that  are  possibly  detached  on  Lower  
Miocene   shales   (Torres,   2007).   To   the   north   the   structural   axes   are   locally   deflected  
towards   the   northeast   due   to   the   activity   of   the   Ashgabat  Wrench   System,   a  Mesozoic  
extensional   fault   reactivated   during   the   Neogene   as   right-­lateral   transpressive   system  
(Berberian,  1983;;  Lyberis  &  Manby,  1999).  
Hydrocarbon   generation   is   an   important   component   of   the   SCB   geology;;   they   are  
extensively   exploited   and   their   migration   is   involved   in   the   activity   of   numerous   mud  
volcano  structures  (e.g.  Etiope  et  al.,  2004;;  Mazzini  et  al.,  2009).  The  main  hydrocarbon  
source  rock   in   the  Gograndag-­Okarem  petroleum  province   is   the  Oligocene  Maykop  Fm.  
(Torres,  2007)  (Fig.  2).  The  generated  thermogenic  oil  and  gas  migrate  into  the  Pliocene  
Red   Beds   Fm.,   which   is   formed   of   ca.   2.5   km   thick,   cyclic   fluvial-­deltaic   sandstone-­
mudstone  sequences  deposited  by  the  paleo  Amu  Darya  river  (Smith-­Rouch,  2006).  The  
deformation  of  Red  Beds  Fm.  generated  the  structural  traps  that  host  the  hydrocarbons  in  
the  region  (Smith-­Rouch,  2006)  and  that  are  sealed  by  Pliocene  Akchagyl  and  Pleistocene  
Apsheron   Fms.   (Torres,   2007).   The   progressive   charging   of   the   reservoirs   led   to  
development   of   overpressures   ranging   from  1.25   to   1.75   times   the   hydrostatic   pressure  
(Torres,  2007).  
The   mud   volcanism   in   the   SCB   possibly   started   in   the   Early   Miocene,   and   a   Late  
Miocene–Early   Pliocene   strong   Caspian   Sea   level   drop   represents   the   moment   of  
maximum  mud  emission  intensity  in  the  basin  (Huseynov  &  Guliyev,  2004).  The  sediment  
sources  can  be  as  deep  as  14  km  (Cooper,  2001),  as  demonstrated  by  the  Mesozoic  and  
Paleogene   rock   fragments   contained   in   the   mud   breccia   discharged   by   the   major   mud  
volcanoes   during   paroxysmal   events   (Kholodov,   1987;;   Inan   et   al.,   1997).   However,   the  
main  source  of  mud   feeding   the  volcanoes   is   located   in   the  pelitic   levels  of   the  Maykop  
Formation  (Kireeva  &  Babaryan,  1985;;  Inan  et  al.,  1997;;  Fowler  et  al.,  2000;;  Planke  et  al.,  
2003).  In  the  Gograndag-­Okarem  province,  mud  volcanoes  frequently  pierce  the  anticlines  
hosting  hydrocarbon  accumulations  and  allow  the  partial  leakage  of  fluids  (Fig.  1).  
  
DATA  AND  METHODS  
In   the   Boyadag   anticline,   the   stratigraphic   succession   is   well   exposed,   allowing   field  
mapping   and   metre-­scale   lithostratigraphy   observations.   The   tectonic   setting   has   been  
reconstructed  on  the  base  of   field  observations  and  satellite   images  analysis.  A  geologic  
section   crosscutting   the   anticline   was   reconstructed   using   data   from   the   field   survey.  
Samples   of   sandstone   intrusions   were   collected   to   determine   their   characteristics   and  
origin  through  optical  microscope  observation.  Oil-­filled  sediment  samples  were  collected  
to  extract  the  hydrocarbon  fraction  and  to  analyse  the  oil  biomarkers.  Water  samples  have  
been  analysed  to  determine  their  physical-­chemical  characteristics  and  ion  abundances.  	  
RESULTS  
The  Boyadag  fluid  emission  and  sediment  remobilization  complex  
The   Boyadag   complex   is   located   on   the   western   side   of   the   Boyadag   anticline   and  
comprises  different  features  linked  with  fluid  emission  and  sediment  remobilization  (Fig.  3).  
The  outcropping  portion  of  the  anticline  is  100  m  high,  20  km  long  and  4  km  wide  and  has  
an   E-­W   axis   that   plunges   eastwards.   The   Boyadag   anticline   deforms   the   Pliocene  Red  
Beds  Fm.  along  with  the  Pliocene  Akchagyl  Fm.,  the  Lower  Pleistocene  Apsheron  Fm.  and  
the   Middle-­Upper   Pleistocene   sedimentary   succession.   Important   erosion   exposed   the  
Middle  Pleistocene  strata  at  the  base  of  the  anticline  (Fig.  4a)  and  the  Apsheron  Fm.  along  
the   flanks  and   in   the  core.  The  Apsheron  Fm.   regionally  consists  of  dominant  mudstone  
interbedded   with   very   thin   sandstone   layers   (Torres,   2007)   (Fig.   4b)..   The   regional  
unconformity   marking   the   transition   between   the   pelitic   units   of   Akchagyl   Fm.   and   the  
underlying  sandy  successions  belonging  to  the  Upper  Red  Beds  Fm.  is  800-­1000  m  deep  
in   the   plain   surrounding   the   Boyadag   anticline   (Auppov,   1968)   and   is   ca.   400   m   deep  
below  the  studied  complex  (Fig.  5).    
The  anticline   is  cut  by  numerous  strike-­slip   faults   (Fig.  3).  A  N-­S   trending  crestal  normal  
fault  generates  a  depressed  area  that  crosscuts  the  whole  structure  and  the  deformation  
induced  by  the  fault  throw  creates  a  rollover  anticline  to  the  west  (Figs.  3  and  5).  This  fault  
is   marked   by   a   steep   escarpment   at   the   base   of   which   two   sandstone   dikes   protrude  
through   the  Pleistocene   pelitic   sediments   (Figs.   5,   6   and   7b).   The   dikes,   the   biggest   of  
which   is   roughly   50   m   long,   20   m   high   and   10   m   thick,   are   composed   of   fine-­grained  
quartzose   sandstone   with   low   pelitic   matrix   and   cements.   Deposits   related   to   extruded  
sand  do  not  occur  in  this  area.  
A   50   m-­thick   deposit   of   mud   breccia   occurs   at   the   crest   of   the   rollover   anticline.   This  
interval   is   composed   of   1   to   10   cm-­thick   mud   flows   (Figs.   7c   and   8)   with   dispersed  
sandstone  clasts  (up  to  ca.  1  cm  in  diameter)  and  mudstone  fragments.  The  mud  breccia  
layers  develop  radially  from  a  central  point  and  downlap  with  an  angle  of  20°  to  30°  onto  
an  erosional  surface  in  the  Apsheron  Fm.,  below  which  strata  dip  45°  to  60°  (Fig.  7c).  The  
occurrence   of   mud   breccia   interlayered   in   the   Pleistocene   succession   has   not   been  
documented.  
A  pillar,  30-­40  m  high  and  20-­30  m  in  diameter,  and  a  dike,  3  m  high,  2  m  thick  and  ca.  
300  m  long,  protrude  through  the  mud  breccia  deposits  (Figs.  7a,  c  and  Fig.  8).  The  two  
structures   are   formed   of   weakly   cemented   sandstone   showing   irregular   flow-­related  
morphologies,  such  as  flow  banding,  which  occur   in  the  dike  and  at   the  rims  of   the  pillar  
(Figs.   9a,   b).   Sandstone   clasts   in   the   internal   part   of   the   pillar,   up   to   ca.   40-­50   cm   in  
diameter,  in  some  cases  showing  fragmented  sandstone  pipe-­like  structures  (Fig.  9c),  are  
associated  with  few  mudstone  clasts  (5  cm  to  10  cm  in  diameter).  The  sandstone  is  well-­
sorted  and  fine-­grained,  with  prevalent  sub-­angular  quartz  grains,  minor  clastic  limestone  
and   mudstone,   abundant   pyrite   and   glauconite,   rare   mica   and   very   weak   calcareous  
cement.   High   contents   of   liquid   hydrocarbons,   along   with   native   sulphur,   were   also  
observed  within  the  sandstone.  
Numerous  small-­scale  features  related  to  sediment  remobilization  and  fluid  leakage  can  be  
observed  in  the  area  comprised  between  the  crest  of  the  rollover  anticline  and  the  crestal  
normal   fault.   Inactive  gryphons   (Fig.  10a)  have  been  observed   in  association  with  areas  
where   the   upper   30   cm  of   poorly   consolidated   sediments   are   impregnated  with   oil   (Fig.  
10b);;   in   addition,   clusters   of   sandy   tar   agglomerates   were   documented   during   the   field  
survey   (Fig.  10c).  The   leakage  of   fluids   is  still  active   in   the  Boyadag  anticline.  A  circular  
structure  that  resembles  a  sinkhole,  with  ca.  5  m  diameter  and  in  which  active  emission  of  
methane  and  saline  water   is  observed,  occurs   in   the  centre  of   the  depressed  area   (Fig.  
11a).   The   present-­day   topography,   which   exposes   the   Pleistocene   strata,   leads   to   the  
constant  discharge  of  high  salinity  water  along  the  anticline  limbs  (Fig.  3)  and  from  water  
springs  observed  near  the  gryphons  (Fig.  11b).  
  
Brines  
The  saline  waters  seeping  near  the  gryphons  and  along  the  anticline  limbs  were  sampled  
and  analysed  during  the  field  survey  for  this  work.  Their  analysis  revealed  that  they  have  
very  similar  compositions;;  therefore,  a  single  sample  is  presented  for  simplicity.  
The  water  is  highly  saline,  in  the  range  of  brines  (measured  conductivity:  200  mS),  has  a  
slightly   acid   pH   (6.46),   reducing   conditions   (Eh:   -­33.3  mV)   and   a   temperature   of   26   °C  
(Tab.1).   The   overall   ionic   composition   shows   the   prevalence   of   chlorine,   sodium   and  
calcium,  whose  concentrations  are  strongly  enriched  with  respect  to  both  the  Caspian  Sea  
water   and   mean   Sea   Water   (Tab.   1).   Higher   concentrations   of   ammonia   (35.6   ppm),  
bromine  (222  ppm),  iodine  (54  ppm),  iron  (4.531  ppm)  and  boron  (55.22  ppm),  compared  
to   the   mean   Sea   Water,   are   measured;;   magnesium   does   not   vary   significantly.   The  
Boyadag  water  has  extremely  low  bicarbonate  ion  concentrations  (12.2  ppm),  coupled  with  
the  total  absence  of  sulphates.  
  
Hydrocarbons  
The  oils  extracted  from  two  sediments  samples  collected  near  the  gryphons  are  analysed.  
The  analyses  indicate  a  moderate  level  of  biodegradation  that  led  to  the  removal  of  most  
of   the  compounds  with  a   low  number  of  carbon  atoms   (Peters  &  Moldowan,  1993).  The  
moderate  degree  of  degradation  allows  biomarker  analysis,  useful  to  determine  the  source  
rock  characteristics  and  the  thermal  maturity  of  the  oils.  
The   biomarkers   indicating   the   lithology   of   the   source   rock,   such   as   the  
C29Hopanes/C30Hopanes  ratio,  the  Diasterane  ratio  and  the  Ts/Ts+Tm  ratio,  have  values  
of  0.48,  0.44-­0.41  and  0.76  in  the  Boyadag  1  and  2  samples  respectively  (Tab.  2).  
The  typology  of  organic  matter  that  generated  the  oil  can  be  determined  by  analysing  the  
regular  steranes  abundances  (Moldowan  et  al.,  1985;;  Philip  et  al.,  1991),  which  show  the  
prevalence  of  C28  (ca.  39.4%)  over  C27  (30.05%  to  32.7%)  and  C29  (27.88%  to  30.52%).  
Oil  maturity   is  determined  calculating   the  equivalent  vitrinite   reflectance   (Rc)   through   the  
formula  %Rc:  0.49(20S/20R)+0.33  (Gürgey,  2003),  which  resulted  in  the  values  of  0.75%  
and  0.70%  for  samples  1  and  2,  respectively  (Tab.  2).  
Another   indicator   of   maturity   is   the   C29   steranes   isomerization   from   the   αα   to   ββ  
configuration   in   the   C14   and   C17   positions.   This   parameter   reaches   a   stationary   state  
around  the  peak  oil  generation  with  a  value  of  0.70  (Mackenzie  et  al.,  1980).  The  values  
measured   in   Boyadag   1   and   2   samples   are   0.52   and   0.46,   respectively.   Both   the  
equivalent  vitrinite  reflectance  and  the  ββ/(ββ+αα)  sterane  parameters  evidence  a  slightly  
more  elevated  maturity  in  the  Boyadag  1  with  respect  to  the  Boyadag  2  sample.  
  
DISCUSSION  
Fluids  origin  
Brines  
Sand  remobilization  in  the  Boyadag  anticline  required  the  presence  of  significant  volumes  
of   overpressured  pore  water   that   acted  as   carrier   for   the   sand  during   its  migration.  The  
understanding  of  physicochemical  and  geochemical  characteristics  of  the  brines  that  leak  
in   the  area  gives   information  on   their  origin.  The  analysed  brines  have  a   temperature  of  
26   °C,   whereas   the   average   annual   temperature   of   the   area   is   17   °C   (Gürgey,   2003;;  
Planke  et  al.,  2003).  The  brine  springs  emit  constant  and  relatively  abundant  volumes  of  
water,  therefore  their  temperature  is  not  altered  by  that  on  surface  and  reflects  the  present  
thermal  condition  at  ca.  500  m  below  the  surface.  
The   origin   of   the   chlorine   occurring   in   the   saline   waters   of   sedimentary   basins   can   be  
mainly   ascribed   to   ambient   waters   at   the   time   of   sedimentation.   In   consequence   of   its  
conservative   behaviour,   the   variation   of   Cl   is   mainly   due   to   diffusion   and   filtration  
mechanisms,  and  not  to  the  thermodynamic  equilibrium  with  one  or  more  mineral  phases  
(Hanor,   1994).  Cl-­bearing  evaporites  have  not   been  documented   so   far   in   the  Neogene  
succession  of  the  Gograndag-­Okarem  province.  However,  the  occurrence  of  thin  anhydrite  
layers  (up  to  1  m)  in  the  Red  Beds  Fm.  (Torres,  2007)  suggests  the  possible  presence  of  
other   evaporites  and,   thus,   a   partial   input   of  Cl   derived   from   their   dissolution   cannot   be  
completely  ruled  out.  
In   general,   the   diagenetic   evolution   also   leads   to   an   increase  of   calcium  concentrations  
with  depth,  coupled  with  the  progressive  decrease  of  magnesium  in  solution  (Hanor,  1994,  
2001;;   Kharaka   &   Hanor,   2003).   Carbonate   precipitation/dissolution   appears   to   have   a  
negligible   role   in   regulating   the  amount  of  Ca  present   in   the  Boyadag  water,   due   to   the  
very   scarce   occurrence   of   carbonate   units   (Torres,   2007),   apart   from   minor   limestone  
clasts   in   the  sandstone   layers.  Therefore,   the  abundances  of  Ca  and  Mg  can  be  mainly  
influenced  by  the  interaction  with  silicate  minerals.  The  process  of  smectite  dissolution  and  
illite   precipitation   is   extremely   important   in  many   sedimentary  basins,   including   the  SCB  
(e.g.  Buryakovsky  et  al.,  1995;;  Planke  et  al.,  2003).  The  onset  of  this  temperature-­related  
transformation   is  at  60°C  (e.g.  Nadeau,  2011),   located  ca.  2.5  km  deep  in  the  SCB.  The  
transition  between   the  Lower  and   the  Upper  Red  Beds  Fm.  has  been   found  around   this  
depth  in  the  Gograndag-­Okarem  province;;  this  is  the  transition  from  thin-­bedded  very  fine-­
grained  sandstone  and  shale  units,  to  the  fine  to  medium  sandstone  beds,  5  to10  m  thick,  
which   are   the   exploration   target   in   the   eastern   South   Caspian   Basin   (Torres,   2007).  
According  to  the  mechanism  illustrated  by  Kharaka  &  Hanor  (2003),  the  water  and  solutes  
released   and   adsorbed   during   smectite   to   illite   transformation   are   one   of   the   dominant  
factors   in   regulating   the  pore  water  geochemistry.  This  process  could  be   responsible   for  
the  release  of  large  amounts  of  calcium,  sodium  and  iron  in  the  interstitial  water.  Moreover,  
according   to   the   theory   proposed   by   Hanor   (1994),   a   gradual   mobilization   of   quartz   is  
observed.  The  silica  derived   from  quartz  crystals  and   from  anorthite  hydrolysis,  which   in  
turn   releases   calcium   ions   in   solution,   contributes   to   the   formation   of   clay  minerals   and  
quartz.  Quartz   solubility   increases   in   solutions  with   high   chlorine   content   (Hanor,   1994).  
The  measured  SiO2  content  in  the  brines  (10.5  ppm  at  26°C)  is  close  to  the  real  solubility  
of   quartz   in   this   system,   also   considering   that   the   saturation   condition   in   pure   water   at  
25°C   is   6   ppm   (Morey   et   al.,   1962).   The   increase   in  Ca   could   result   from  processes   of  
plagioclase  albitization,  with  associated  decrease  of  Na  in  solution.  Additionally,  carbonate  
precipitation   is   inhibited   by   the   observed   undersaturation   condition,   favouring   the  
preservation  of   significant  amounts  of   calcium   in   solution.  The  undersaturation   condition  
for  carbonates  is  also  provided  by  the  observed  activity  of  acid-­producing  bacteria  (APB).  
The  decrease  of  magnesium,  then,  is  not  linked  to  carbonate  precipitation  and  may  result  
from   its   inclusion   in   the  crystal   lattice  of   the  mica  crystals  and  by   the  adsorption  on  clay  
minerals  (Kharaka  &  Hanor,  2003).  
The  removal  of  SO4  from  solution  could  be  attributed  to  reduction  processes  controlled  by  
sulphate-­reducing  bacteria  (SRB)  and  to  precipitation   in  mineral  phases.  However,   in  the  
brines  the  SRB  are  absent  and  this  condition  is  related  to  the  temperature  of  26°C,  which  
does  not  presently  allow  the  SRB  activity  and,  consequently,  the  bicarbonate  associated  to  
sulphate   reduction   is   very   low.   The   precipitation   of   sulphur   and/or   gypsum   within   the  
sedimentary   sequence   has   been   documented   in   various   Turkmenistan   mud   volcanoes  
(Huseynov  &  Guliyev,  2004)  and  significant  amounts  of  sulphur  were  observed  near   the  
sandstone  dikes  on   the  crest  of   the  Boyadag  rollover  anticline.  Moreover,   the  sandstone  
forming   the   dikes   and   pillar   has   very   low   amounts   of   carbonate   cements,   due   to   the  
undersaturation  of  carbonates  in  the  waters.  
The  δ18O  and  δD  stable   isotopes   in  the  Boyadag  water  (Tab.  1)  are  similar   to  the  typical  
values   of   the   reservoir   waters   in   the   Gograndag-­Okarem   region   (Fig.   12).   Boron  
concentration  could  provide  a   further   indication  of   the  water  origin.  With   the   temperature  
increase   resulting   from   the   progressive   burial,   B   is   released   from   the   clay   due   to  
dehydration  processes  and  increases  in  the  waters.  According  to  the  model  proposed  by  
Kopf  &  Deyhle  (2002)  for  worldwide  mud  volcano  waters,  the  value  of  dissolved  boron  in  
the  Boyadag  water   (55.22  ppm)  suggests   that   its  main   source   is   ca.   2-­3   km  deep.  This  
depth  matches   the  one  estimated   regionally   for   the  Red  Beds  successions   (Fig.  2).  The  
chemical   composition   of   the   water   leaking   in   the   Boyadag   anticline   indicates   that   it  
originates   at   depth   from   the   mudstone   layers   in   the   Lower   Pliocene   units   and  
subsequently  migrates  towards  the  anticline  along  the  overlying  sandstone  intervals.  
  
Hydrocarbons  
The  two  samples  show  similar  characteristics  and  are  therefore  considered  subsamples  of  
the  same  oil.  The  lithology  of  the  source  rock  and  the  characteristics  of  the  organic  matter  
are   fundamental   to   identify   the   units   of   the   sedimentary   succession   that   generated   the  
hydrocarbon   contained   in   the   reservoirs.   The   source   rock   that   generated   the   oil   in   the  
Boyadag   area   is   mainly   clayey,   as   indicated   by   the   low   C29Hopanes/C30Hopanes   ratio  
(Tab.   2)   (Palacas   et   al.,   1984)   and   confirmed   by   the   Diasterane   ratio   and   by   the   high  
Ts/Ts+Tm  ratio  (Gürgey,  2003).  
The  Boyadag  oil  shows  the  dominance  of  C28  over  C27  and  C29  steranes,  representative  of  
an   origin   from   sediments   deposited   in   a   marine   environment.   The   C27   and   C28   regular  
steranes  are  more  abundant  in  marine  organic  matter,  whereas  the  C29  steranes  originate  
from   higher   plants   and   some   primitive   algae   and   cyanobacteria   (Peters   &   Moldowan,  
1993;;  Volkman  et  al.,  1999).  
The  calculated  equivalent  vitrinite  reflectance  (0.75%  and  0.70%)  indicates  that  the  oil  has  
been   generated   by   a   source   rock   during   the   initial   peak   of   oil   generation.   Another  
parameter   that   can  be  used   to  assess   the  oil  maturity   is   the  C29   steranes   isomerization  
from  the  αα  to  ββ  configuration.  Also  in  this  case  the  values  indicate  moderately  mature  oil.  
The   depth   of   oil   generation   could   be   calculated   on   the   base   of   its   maturity   level.  
Considering   the   low   thermal   gradient   in   the  SCB  of   about   17   °C/km   (Diaconescu  et   al.,  
2001  and  references  therein),  the  mean  atmospheric  temperature  of  17  °C  (Gürgey,  2003;;  
Planke  et  al.,  2003)  and  given  the  oil  maturity  level,  corresponding  to  temperatures  in  the  
100/110°C  range,   the  oil  has  been  generated  approximately  4.8   to  5.4  km  at  depth.  The  
biomarker  analysis  and  the  determined  source  rock  maturity  suggest  that  the  Boyadag  oil  
was  generated  by  the  productive  intervals  of  the  Maykop  Fm.,  whose  depth  in  the  area  is  
compatible  with  the  estimated  range  (Fig.  2).  
  
The  evolution  of  the  Boyadag  fluid  emission  and  sediment  remobilization  complex  
During  the  Neogene,  the  compressional  tectonics  acting  in  western  Turkmenistan  formed  
the  anticline  structural   traps,  which  were   filled  by  hydrocarbons  and   that  presently  show  
overpressure   conditions   (Torres,   2007).   Local   seal   disruption   favoured   the   upward  
migration   of   deep   mud   and   fluids,   generating   mud   volcano   structures;;   this   process   is  
recognized   as   the   main   cause   of   mud   volcanism   in   the   Gograndag-­Okarem   province  
(Torres,  2007).  
The   depositional   geometries   of   the   mud   breccia   flows   occurring   on   the   crest   of   the  
Boyadag  rollover  anticline  indicate  that  this  interval  was  deposited  by  the  activity  of  a  mud  
volcano,  now  inactive  (Fig.  13a).  The  progressive  erosion  of  the  mud  breccia  exposed  the  
sandstone  pillar  located  at  the  centre  of  the  radial  mud  breccia  flows  that,  thus,  marks  the  
main  feeding  conduit  of  the  mud  volcano  (Figs.  8  and  13d).  The  sandstone  pierce  the  mud  
volcano  edifice  and  extrudite  deposits  are  not  observed  in  the  mud  breccia;;  therefore,  mud  
extrusion  predates  sandstone  emplacement  and  makes  mud  volcanism  the  first  episode  of  
sediment  remobilization  in  the  Boyadag  anticline.  
The  emplacement  of   the  mud  volcano  on  the  eroded  top  of   the  rollover  anticline  and  the  
absence  of  mud  breccia  interlayers  in  the  Apsheron  Fm.  units  constrain  the  activity  of  the  
mud   volcano   to   after   their   deformation   and   partial   erosion.   Present   day   active   mud  
emission  has  not   been  observed   in   the   field   and   the   time  at  which   it   ceased   cannot   be  
defined.  The  time  required  for  eroding  the  volcano  edifice  and  exposing  the  sandstone  is  
clearly  much  more  than  would  be  necessary  to  erode  the  small  gryphons  occurring  in  the  
depressed   area   (Fig.   10a).   Therefore,   their   presence   attests   minor   episodes   of   mud  
emission  in  recent  times,  after  the  end  of  the  main  mud  volcano  activity.  The  expulsion  of  
the  sandy  tar  agglomerates  (Fig.  10c),  along  with  gas  and  brine  emission  near   the  small  
mud   cones   (Fig.   10b),   testifies   the   leakage   of   important   amounts   of   hydrocarbons.  
Moreover,   the   low   biodegradation   level   of   the   oils   indicates   that   they   have   not   been  
exposed   to   a   biodegrading   environment   for   long   time.   The   gryphons,   the   structure  
resembling  a  sinkhole  and  the  brine  springs  in  the  depressed  area  indicate  that  the  fluids  
are   actively   circulating   in   the   anticline   subsurface,   likely   through   a   complex   network   of  
faults,  fractures  and/or  pipe-­like  discontinuities.    
The   morphology   of   sandstone   dikes   and   pillar   (Fig.   9a,   b)   suggests   vertical   flow   of  
unconsolidated   sand   from   the   underlying   sedimentary   succession   and   their   intrusion   up  
into   the   overlying   pelitic   units.   Exploration   wells   in   the   Gograndag-­Okarem   province  
revealed  that   the  sandstone   intervals  of   the  Upper  Red  Beds  Fm.  are  composed  of   fine-­
grained  sandstones  with  abundant  quartz  grains  and  minor  mica,  pyrite,   intraformational  
mudstone   clasts   and   minor   carbonate   cements   (Torres,   2007).   These   characteristics  
match  what  we  could  observe  on  the  outcropping  sandstone  petrography.  Therefore,   the  
sandy   levels  of   the  Pliocene  Upper  Red  Beds  Fm.  are   the  most  suitable  units   that  could  
have  acted  as  sediment  parent  layers  for  the  intrusions.  
The  post-­depositional  remobilization  of  sand  bodies  has  been  widely  analysed  (e.g.  Hurst  
et  al.,  2011).  The  sand  injection  process  requires  the  establishment  of  suitable  conditions  
in  the  parent  layers  to  generate  a  rapid  fluid  flow  and  a  prerequisite  is  overpressure  of  the  
pore   fluids.   Therefore,   the   presence   of   sandstone   intrusions   in   the   Boyadag   anticline  
implies  that  the  parent  sandstone  sealed  at  depth  became  overpressured  prior  to  injection.  
Differential   overloading  due   to   the  growth  of  Boyadag  anticline,   the  progressive   input   of  
hydrocarbons   migrating   from   the   Maykop   Fm.   and   the   generation   of   biogenic   methane  
from  the  Pliocene  organic  matter  should  be  accounted  for  the  development  of  the  elevated  
overpressures.  .  
The  role  of  mud  volcanoes  for  degassing  deeply  buried  sediments  is  recognised,  as  is  the  
alternation   of   mud   emission   and   quiescent   phases   during   their   activity   (e.g.   Dimitrov,  
2002).  The  Boyadag  mud  volcano  was  able  to  partially  degas  the  reservoir  units;;  however  
when  the  mud  volcano  experienced  a  quiescence  phase,  or  even  the  end  of  its  activity,  the  
emission   of   hydrocarbons   ceased,   leading   to   their   accumulation   and,   thus,   to   the  
progressive   pressure   rise   (Fig.   13b).   This   overpressure   regime   ultimately   exceeded   the  
hydrofracturing  gradient  of  the  sealing  pelitic  Akchagyl  and  Apsheron  Fms.  (e.g.  Clayton  &  
Hay,  1994)  and  triggered  sand  fluidization  (Fig.  13c).  
During   the   sand   rising,   hydrocarbon   gas   is   released   from   the   solution,   increasing   the  
Pliocene   connate   water   flow   velocity   and   thereby   enhancing   sand   entrainment   ability  
(Huuse  et  al.,  2010).  The  sandstone  intrusions  exploited  the  N-­S  crestal  normal  fault  and  
the   mud   volcano   feeding   conduit,   as   demonstrated   by   their   spatial   association;;   also,   a  
system  of  hydrofractures  generated  by   the  overpressure   in   the  reservoir   is  evidenced  by  
the  occurrence  of   the   radial   sandstone  dike  near   the  pillar.  The  crestal  normal   fault   that  
was   involved   during   the   fluid   and   sediment   migration,   located   in   the   western   axial  
culmination   of   the   Boyadag   anticline,   formed   as   a   consequence   of   the   regional  
deformation  stress  field  acting  along  a  NNE-­SSW  direction.  The  formation  of  similar  crestal  
normal   faults   has   been   discussed   in  Morley   (2007).   After   the   end   of   the  migration,   the  
sand  intrusion  was  responsible  for  the  infilling  of  the  mud  volcano  conduit.  
The   role   of   sandstone   intrusions   in   enhancing   the   vertical   permeability   and   favouring  
hydrocarbons  migration   in  petroleum  basins  has  been  documented  (Hurst  et  al.,  2003b).  
Thin  sections  observations  show  that   the   intruded  sandstones  are  weakly  cemented  and  
the  porosity  and  permeability  are  high.  The  intrusions  connect  the  reservoir  to  the  surface  
piercing  the  seal  units  and,  thus,  favouring  the  upward  migration  of  fluids  (Fig.  13d).  This  
process  prevents  the  re-­establishment  of  overpressure  conditions  at  depth.  Consequently,  
the   occurrence   of   important   fluid   emission   events   is   inhibited   and   only   minor   seepage  
activity  is  recorded  nowadays.    
Despite   of   overpressure   occurs   in   numerous   structural   traps   in   western   Turkmenistan  
(Torres,  2007),  most  of  the  related  anticlines  do  not  show  exposed  sandstone  intrusions  or  
extrusions.   The   only   other   known   spatially   associated   mud   volcano   and   sandstone  
intrusion  is  documented  at  the  Alakel  mud  volcano,  northwestern  Turkmenistan  (Oppo  et  
al.,   2014).   The   intrusions   are   formed   of   weakly   cemented,   oil-­saturated   sandstones  
interpreted   to  originate   from  the  Red  Beds  Fm.  and  have  morphologies  comparable  with  
the  dikes   in   the  Boyadag  anticline   (Fig.   5a   in  Oppo  et   al.,   2014).  Alakel   presents   some  
characteristics   similar   to   the   Boyadag   complex,   such   as   the   occurrence   of   a   presently  
inactive  mud  volcano   crosscut   by   various  normal   faults.   It   can  be  hypothesised   that   the  
fluids  circulation  system  of  the  mud  volcano  and  the  normal  faults  favour  the  sand  intrusion  
through  the  rupture  of  seal  units.  
  
CONCLUSIONS  
This  paper  for  the  first  time  presents  a  detailed  analysis  of  the  spatial  association  between  
mud  volcano  and  sand  intrusion  features,  through  the  study  of  the  structures  occurring  in  
the  Boyadag  anticline,  western  Turkmenistan.  The  Boyadag  sandstone  intrusions  and  mud  
volcano   complex   allows   to   study   the   relations   between   tectonic   deformation,   reservoir  
formation,   fluid   migration   and   sediment   remobilization.   Moreover,   it   allows   adding  
information  on  the  process  leading  to  intrusions  emplacement.  
The   Boyadag   anticline   has   been   generated   by   the   regional   compressive   tectonics  
deforming  the  Plio-­Pleistocene  sediments  of  the  Gograndag-­Okarem  Petroleum  Province,  
and  is  cut  by  strike-­slip  and  normal  faults.  The  anticline  generated  a  structural  trap  fed  by  
active  migration   of   hydrocarbons,   which   partially   leak   to   the   surface.   The   hydrocarbons  
were  generated  in  the  productive  levels  of  the  Maykop  Fm.  and  subsequently  migrated  up  
to  the  reservoir  sandstone.  Mud  breccia,  deposited  radially  from  a  central  vent  on  the  crest  
of  the  Boyadag  rollover  anticline,  testifies  the  past  occurrence  of  a  mud  volcano  that  was  
active   in   recent   times,  at   least  during   the   late  Pleistocene.  During  a  stage  of   reduced  or  
null  activity  of  the  mud  volcano,  the  pressure  in  the  reservoir  sandstone  rose  progressively  
above   the   level   of   the   fracturing  gradient   because  of   focused  upward-­migration  of   fluids  
and  lack  of  their  discharge  to  the  surface  by  the  mud  volcano.  This  pressure  build-­up  led  to  
the   fracture   of   sealing   units   and   the   subsequent   rapid   pressure   release,   causing   the  
fluidization  of   the  sand   in   the   reservoir.  The  saline  water  necessary   for   sand   fluidization  
originated   from   the   pore   water   contained   in   the   Red   Beds   Fm.   The   remobilized   sand  
partially   intruded   along   discontinuities,   such   as   the   crestal   normal   fault   and   the   mud  
volcano  conduit,  leading  to  the  infilling  of  this  latter.  The  definitive  end  of  the  mud  volcano  
activity  could  be  ascribed  to  the  reservoir  degassing  through  the  sandstone  intrusions.  The  
occurrence   of   the   sandstone   dike   near   the   pillar   testifies   that   the   intrusion   was   able   to  
generate   radial  hydrofracturing  during   the  migration  along   the  volcano  conduit.  The  high  
permeability  of  the  sand  intrusions  and  the  present  day  seepages  are  responsible  for  the  
continuous   expulsion   of   fluids,   precluding   the   re-­establishment   of   high   pressures   in   the  
reservoir.  
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FIGURES  AND  TABLES  CAPTIONS  
Fig.  1  Map   of   western   Turkmenistan.   Major   oil   and   gas   fields   are   located   in  
correspondence   of   anticline   alignments   and   are   often   associated   with   mud   volcanoes,  
both  active  and  extinct,  which  pierce  the  reservoir  and  seal  units.  The  Boyadag  anticline  is  
located    (Modified  from  Oppo  et  al.,  2014).  
Fig.  2   Stratigraphic   column  of   the  Gograndag-­Okarem  petroleum  province.   The   average  
thickness  of  units   is   indicated.  The  sandstone   reservoirs,  pertaining   to   the  Pliocene  Red  
Beds,  are  ca.  1500  m  thick  (Modified  from  Torres,  2007).  
Fig.  3  Western   Boyadag   anticline.   The   sandstone   intrusions   protrude   from   the   mud  
breccia   deposits   and  along   the  N-­S   trending   crestal   normal   fault   plane.  Small   strike-­slip  
faults  dissect  the  outcropping  Pleistocene  strata  along  the  anticline  limbs.  The  location  of  
other  emission-­related  structures  is  evidenced.  Various  springs  of  high  saline  water  occur.  
The  trace  of  section  A-­A’  (Fig.  5)  is  shown.  (Satellite  image  from  Google  Earth).  
Fig.  4   a)  Middle  Pleistocene  succession  outcropping  at   the  base  of   the  anticline,   formed  
by  the  alternation  of  pelitic  sediments  and  sandstone  layers,  ca.  2-­3  cm  thick,  with  current-­
produced  bed  forms.  The  strata  dip  ca.  45°  W.  b)  Lower  Pleistocene  mudstone  with  very  
thin  sandstone  interlayers,  pertaining  to  the  Apsheron  Fm.,  outcropping  along  the  anticline  
flanks.  
Fig.  5   Cross-­section   along   the   anticline   major   axis,   showing   the   relations   between   the  
sandstone   intrusions,   the  mud  breccia  deposits  and   the   crestal   normal   fault.  The  dotted  
yellow  strata   represent   the   regionally  extended  Pliocene  sandstone   reservoirs,   the  white  
areas  are  mudstone  seal  units.  The  fluids  migrate  up-­dip  from  the  sediments  located  in  the  
subsurface  of  the  Boyadag  region.    
Fig.  6   Panoramic  view  of   the  Boyadag  rollover  anticline,  oriented  as   the  cross  section  of  
Fig.  5.  The  sandstone  intrusions  and  the  mud  breccia  deposits  are  evidenced.  
Fig.  7   a)  Sandstone  dike  outcropping  on   the  crest  of   the  rollover  anticline  and  extending  
radially  from  the  pillar.  b)  Sandstone  dikes  located  in  correspondence  of  the  crestal  normal  
fault.   c)   Erosional   unconformity   (red   line)   at   the   transition   between   the   folded   Lower  
Pleistocene   strata   and   thin-­layered   mud   breccia.   The   mud   breccia   outcropping   in  
foreground  is  ca.  4  m  thick;;  the  pillar  in  background  ca.  40  m  high.  
Fig.  8   Detail  of   the  mud  breccia  at   the  base  of   the  pillar  structure.  White  arrows  point   to  
particularly  thick  mud  breccia  layers.  Note  the  sandstone  boulders  due  to  the  pillar  erosion.  
People  for  scale.  
Fig.  9   The  sandstone  dikes  (a)  and  the  external  zone  of  pillar  (b)  show  vertical  flow-­related  
morphologies.  c)  Sandstone  clasts  included  in  the  internal  portions  of  pillar.  A  fragment  of  
pipe-­like  structure  can  be  seen  (arrow).  
Fig.  10   a)   Inactive  mud  gryphon  occurring   in   the  depressed  area   (diameter   circa  1  
m).  b)  The  sediment  surrounding  the  gryphons  contains  high  amounts  of  oil.  c)  Cluster  of  
sandy  tar  aggregates  (up  to  ca.  10  cm  in  diameters).  
Fig.  11   a)  Sinkhole-­like  crater  in  the  central  depressed  area  (location  in  Fig.  3).  b)  Saline  
water  spring.  Note  the  high  amount  of  iron  precipitates  due  to  its  high  content  in  the  water.  
Fig.  12   δ18O   vs.   δD   stable   isotopes   distribution   in   reservoir   waters   of   the   Gograndag-­
Okarem  province  and  Boyadag  anticline.  Reservoir  values  are   from  Huseynov  &  Guliyev  
(2004).  
Fig.  13   Evolution   sketch   of   the   sediment   remobilization   in   the  Boyadag   anticline   (not   to  
scale).  a)  The  deep  conduit  of  the  mud  volcano  is  responsible  for  the  partial  degassing  of  
the   reservoir,   thus   preventing   important   hydrocarbons   accumulation.   b)   During   a  
quiescence   phase   of   the   mud   volcano   the   hydrocarbons   migration   increases   the  
overpressure   in   the   reservoir.   c)   The   continuous   hydrocarbons   migration   led   the  
overpressure   to   above   the   hydrofracturing   gradient   and   contributed   to   the   sand  
remobilization.   d)   The   progressive   erosion   exposed   the   sandstone   intrusions,  which   are  
now  responsible  for  the  partial  degassing  of  the  reservoir.  
Tab.  1  Ions   in   the   analysed   brine.   Concentrations   are   reported   in   ppm.   Bdl:   below  
detection   level;;   -­   :  not  determined.  a)   from:  Planke  et  al.,  2003;;  b)   from  Lavrushin  et  al.,  
2005.  
Tab.  2  Geochemistry  of  oils  contained  in  the  sediments  near  the  gryphons.  
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   Boyadag   Sea  Water   Caspian  Sea  a  
Temperature  (°C)   26        pH   6.46        Eh  (mV)   -­33.3        Measured  Con.  (mS/cm)   200        
Cl   106350   19500   5650  
Na   55990   10770   3250  
Ca   9284   412   387  
Mg   899.8   1290   817  
HCO3   12.2   140   -­  
SO4   bdl   2649   3167  
NH4   35.6   0.07   -­  
I   54   0.05   -­  
Br   222   65   9  
K   779.4   380   90  
B   55.22   4.6   -­  
Fe   4.531   0.02   -­  
SiO2   10.5   7   -­  
H2S   0.255   0   -­  
TDS   173000   35220     
Na/Cl   0.5265   0.5523   0.5752  
Ca/Cl   0.0873   0.0211   0.0685  
Mg/Cl   0.0085   0.0662   0.1446  
HCO3/Cl   0.0001   0.0072   -­  
SO4/Cl   -­   0.1358   0.5605  
Br/Cl   0.0021   0.0033   0.0016  
Mg/Ca   0.0969   3.1311   2.1111  
K/Cl   0.0073   0.0195   0.0159  
K/Cl   0.0073   0.0195   0.0159  
δ18O   0.4   0   -­4(b)  
δ  D   -­39.2   0   -­23(b)  	  
Tab.  1   Ions  in  the  analysed  brine.  Concentrations  are  reported  in  ppm.  Bdl:  below  detection  level;;  -­
  :  not  determined.  a)  from:  Planke  et  al.,  2003;;  b)  from  Lavrushin  et  al.,  2005.  
	  
 Boyadag 1 Boyadag 2 
 Oleanane/C30hop 0.03 0.04 
Methylhopane 4.64 - 
Rc 0.75 0.70 
Tri 0.10 0.05 
Tet 0.05 0.04 
Trit 1.83 1.16 
C29Hop/C30Hop 0.48 0.48 
C29ts/C30* 4.96 - 
C30*/C30Hop 0.03 0.04 
Diasterane ratio 0.44 0.41 
Organic Matter parameters 
C27/C29 sterane 1.17 0.98 
C28/C29 sterane 1.41 1.29 
%C27 32.70 30.05 
%C28 39.42 39.44 
%C29 27.88 30.52 
Steranes/hopanes 0.17 0.19 
Maturity parameters 
S/S+R terpane 0.58 0.56 
S/S+R sterane 0.43 0.4 
ββ/(ββ+αα) sterane 0.52 0.46 
S/S+R Homohopane 0.59 0.58 
Ts/Ts+Tm 0.76 0.76 	  
Tab.  2  Geochemistry  of  oils  contained  in  the  sediments  near  the  gryphons.  
	  
